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Introduction
Warning stimuli induce a state of attentive anticipation that facilitates perceptual decision-making, speeding up reaction times (Hackley, 2009) . At the neural level, the preparatory response involves activation of a distributed set of cortical areas, including the cingulate cortex, insula, dorsolateral prefrontal cortex and orbitofrontal cortex (Nagai et al., 2004) . Attentive anticipation also involves activation of the parasympathetic system reflected in cardiac deceleration and activation of the sympathetic system reflected in pupil dilation and changes in skin conductance (Jennings and van der Molen, 2005) . Ageing affects the ability to prepare in response to warning stimuli (Zanto et al., 2011) as well as the speed of perceptual decision-making, particularly in choice tasks (David L. . In this study, we were interested in understanding the role of the parasympathetic activation in response preparation, how this is affected in ageing and its impact on task performance.
Heart rate deceleration during attentive anticipation is related to a period of immobility characterized by cessation of ongoing behaviours (Obrist, 1981; Roelofs, 2017) . When we orient our attention in anticipation for action, our pupils dilate, our hearts decelerate and we momentarily stop (Gladwin et al., 2016; Jennings et al., 1998; Roelofs, 2017) . These periods of immobility have been extensively studied in the context of anticipation of threatening stimuli, fear responses and defence mechanisms. Immobility in these contexts is thought to facilitate threat assessment by enhancing sensory processing and decisionmaking (Blanchard et al., 2011; Lojowska et al., 2015) . The body freezing and cardiac deceleration observed in preparation for sensorimotor processing in non-threatening situations might be a generalization of this adaptive behaviour.
There is some evidence that cardiac deceleration is associated with the speed of perceptual decision-making. In non-threatening laboratory situations, heart rate deceleration in preparation for reaction time tasks correlates with response speed constraints. Jennings and Wood (1977) showed that when participants M A N U S C R I P T
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4 role in sensorimotor processing. Moreover, motor execution has an immediate effect on heart rate eliciting a heart acceleration response (Jennings and Wood, 1977) .
Aging affects the ability to prepare for action. For example, older adults show reduced ability to use temporal cues to guide attention in time (Zanto et al., 2011) , appear to be less prepared for low probability events (Bherer and Belleville, 2004) , and present deficits in the ability to prepare for a specific motor pattern (Sterr and Dean, 2008) . At the neurophysiological level, older adults show reduced modulation of sensory cortices in preparation for stimulus processing during expectation periods , present impaired modulation of motor cortical excitability (Duque et al., 2016) , and show prefrontal hyperactivation during motor planning, reflected in stronger preparatory frontocentral potentials, like the contingent negative variation (CNV) (Berchicci et al., 2012; Ribeiro and Castelo-Branco, 2019; Wild-Wall et al., 2007) , and enhanced frontal BOLD responses (Fernandez-Ruiz et al., 2018) , suggesting the need for compensatory activations. Moreover, during motor preparation, older adults present stronger event-related suppression of beta oscillations measured over the motor cortex (Heinrichs-Graham et al., 2018; Heinrichs-Graham and Wilson, 2016; Rossiter et al., 2014) . This age-related enhancement of beta suppression during motor preparation is associated with an age-related increase in beta power at baseline and both are related to a slowdown of motor responses (Heinrichs-Graham et al., 2018) . These behavioural and neurophysiological age-related changes in preparatory processes are accompanied by a decrease in the strength of the cardiac responses associated with motor preparation in simple reaction time (RT) tasks (Jennings et al., 1990 (Jennings et al., , 1989 ). Yet, this age effect has not been further explored and the relationships between impaired preparatory cardiac deceleration, neuronal processing and the commonly observed age-related impairments in perceptual decision-making remain unknown. We addressed these questions in this study. We acquired simultaneously the electroencephalogram (EEG), the electrocardiogram (ECG) and the pupillogram, while a group of young and a group of older participants were engaged in 2 different task conditions, a cued simple RT task (detection task) and a cued go/no-go task (disjunctive task). It is well established that age-related deficits in reaction time increase with the M A N U S C R I P T
5 number of possible responses Yordanova et al., 2004) . Therefore, we expected to see accentuated age-related differences in the go/no-go in comparison with the simple RT task.
Analyses of task performance, event-related potentials (ERPs) and pupillary responses were presented in a previous report (Ribeiro and Castelo-Branco, 2019) . We observed that participants responded slower in the go/no-go task condition requiring stimulus discrimination and inhibitory control, in comparison with the simple RT task that required simple stimulus detection ( Fig. 1A ; Table   1 ). However, the older group slowed down their responses more than the young group in line with the idea that older individuals show bigger impairments in tasks requiring response selection in comparison with simple detection tasks (David L. . Frontocentral preparatory ERPs (CNVs) were enhanced in older adults suggesting compensatory over-recruitment of neural resources ( Fig. 1B ; Table 1 ). Yet, while young adults modulated the CNV amplitude with the task demands, older adults failed to do so. In contrast, average amplitude of task-related pupillary responses did not present significant age-related differences even in the presence of behavioural and cortical differences ( Fig. 1C ; Table 1 ). Here, we focused on an additional component of the preparatory response, the task-related cardiac responses (stimulus-locked modulation of heart rate). We investigated the effect of task demands and age group, and studied their relationship with cortical activity and task performance.
In particular, we used two measures of cortical activation: the CNV amplitude and event-related spectral perturbations (ERSP) in the beta frequency band, as both reflect different aspects of cortical processing during motor preparation (Di Russo et al., 2017; Tzagarakis et al., 2010) , which have been shown to be affected by ageing, as mentioned above. 
pupil dilation responses locked to cue-onset. Target was presented around 1700 ms after cueonset. Graphs represent mean ± standard error of the mean across participants. 
Participants
Thirty six young adults (mean age ± SD = 23 ± 3 years; 29 women; 3 lefthanded) and thirty nine older adults (mean age ± SD = 60 ± 5 years; 31 women; 3 left-handed) were included in this study. Participant characteristics were reported elsewhere (Ribeiro and Castelo-Branco, 2019) . One young and 4 older participants presented a high number of ectopic beats in the ECG recordings and were therefore excluded from heart rate analyses.
The study was conducted in accordance with the tenets of the 
Task design and behavioural analysis
Task design is schematized in Figure 2 and has been described in detail elsewhere (Ribeiro and Castelo-Branco, 2019) . Briefly, we used a cued auditory task consisting of two different conditions: a cued simple RT condition, and a cued go/no-go condition. The auditory stimuli used were 3 different pure tones, suprathreshold, with duration 250 ms, with the following frequencies: cue -1500
Hz; go stimulus (S1) -1700 Hz; no-go stimulus (S2) -1300 Hz. Participants performed the two active tasks, cued simple RT and cued go/no-go, sequentially. The order of these two conditions was counterbalanced across participants, i.e., half of the participants started with the simple RT and the other half with the go/no-go. Each task was divided in two 8 min runs with self-paced breaks between runs and between tasks. Just before starting each task, the rules of the task were explained and participants engaged in a practice run ensuring he/she understood the rules and was able to detect and discriminate the different sounds. In the simple RT condition, the cue was followed by a go stimulus (S1 -100 trials) to which participants were instructed to respond by pressing a button on the keyboard as fast as possible with their right index finger. In 17 % of the trials, distributed pseudo-randomly throughout the run, the go stimulus was not presented and no response was required (cue-only trials -20 trials). In the go/no-go task, the cue was followed or by the go stimulus (S1 -80 trials) or by the no-go stimulus (S2 -20 trials). Participants were instructed to respond as fast as possible to the go stimulus with their right index finger, while refraining from responding to the no-go stimulus. Cue-only trials were also included in this condition (20 trials). Total number of trials in each condition was 120. The intertrial interval was quite long, with a median of 7.6 s (min 6.7 and max 19.6 s). The interval between the cue and the target stimuli and between target and the beginning of the next trial were drawn from a nonaging distribution, -W*ln(P), where W is the mean value of the interval distribution and P is a random number between 0 and 1 (Jennings et al., 1998) . In our task design, the cue-target interval was 1.5-0.25*ln(P) in seconds, and the interval between the target and the beginning of the next trial (cue) was 5.2-1*ln(P) in seconds.
. Schematic representation of the behavioural tasks. In the simple RT task, the cue stimulus was followed by the go stimulus. In the go/no-go task, the cue stimulus was followed either by the go stimulus or by the no-go stimulus. In both tasks, participants were instructed to respond only to the go stimulus by pressing a keyboard key as fast as possible.
Moreover, a small percentage of cue-only trials were included where the cue stimulus was presented but no further stimulus followed. Participants were instructed not to press any key in these trials.
In the analysis of task performance, we assessed reaction time and task accuracy. We considered as error trials all trials where the participants responded after cue presentation, failed to respond to the go stimulus (misses), responded to the go stimulus too slowly (slower than 700 ms), or responded to the no-go stimulus in the go/no-go condition. These trials were signalled with a feedback tone warning the participants that an error was committed. The tone was presented 200 ms after the button press when participants responded between cue and target and 1200 ms after the target in slow trials or responses to no-go. For the RT analysis, we included all correctly responded trials including trials where the response time surpassed 700 ms but excluded the correct trials that immediately followed error trials, so that trials affected most by the arousing caused by the error awareness and feedback stimulus were not included. To evaluate task accuracy, we calculated the number of errors, including missed go trials, responses to the cue, and responses to the no-go stimulus in the go/no-go condition. Numbers of errors were very low.
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Participants committed on average two errors in the simple RT condition and four errors in the go/no-go condition.
2.3.

ECG acquisition and analysis
The ECG was recorded during task performance using bipolar electrodes placed on the chest. Recording sampling rate was 500 Hz. The inter-beat interval (IBI) series were extracted from the ECG recordings using the QRSTool (Allen et al., 2007) . Individual R-spikes were detected and marked within QRStool. One young and 4 older participants were excluded due to the presence of a high number of ectopic beats in the ECG recordings (around >1/min). All further data analyses were performed with Matlab R2017b custom scripts and the EEGLAB toolbox version 14.1.1 (Delorme and Makeig, 2004 ).
For comparison of task-related heart deceleration and acceleration responses across groups and task conditions, IBI time series were converted into heart rate time series and linearly interpolated at 250 Hz sampling rate. Heart rate time series was then cut into epochs starting 1 s before cue onset and finishing 8 s after cue onset. We automatically excluded trials with ectopic beats by excluding all trials with heart rate absolute z-score values above 6. To calculate task-related heart rate modulation, we subtracted the heart rate values from average heart rate during the pre-cue baseline of 1 s, thereby obtaining an index of heart rate changes induced by cue onset for each time point within the epoch.
In order to investigate the relationship between timing of button press within the cardiac cycle and heart rate acceleration, we analysed the relationship between heart rate changes from the heartbeat just before button press (HR0) to the two heartbeats immediately after the button press (HR1 and HR2). For each participant, we correlated the trial-by-trial time interval between the button press and the heartbeat immediately before (i.e. the position of the button press in relation to the cardiac cycle) and heart rate at either the heartbeat immediately after (HR1) or the subsequent heartbeat (HR2). For these within-subject correlation analyses, we used a robust correlation
Skipped correlations minimize the effects of bivariate outliers by taking into account the overall structure of the data. Notably, Pearson's skipped correlation is a direct reflection of Pearson's r. In single trial analyses, accounting for outliers is particularly important, given the noisy nature of single trial data.
In both analyses, we only included correctly responded trials. We excluded the trials where responses were too slow (>700 ms), as these were signalled with an error feedback sound, and the trials immediately after error trials. The number of trials included in each condition were as follows: mean ± SD, go trials simple RT young = 98 ± 2, go trials simple RT older =96 ± 4; go trials go/no-go young = 77 ± 2, go trials go/no-go older = 73 ± 6, cue-only trials simple RT young = 20 ± 1, cue-only trials simple RT older = 20 ± 1, no-go trials young = 19 ± 1, no-go trials older = 18 ± 2.
2.4.
EEG acquisition and analysis
As previously described (Ribeiro and Castelo-Branco, 2019) , the EEG signal was recorded using a 64-channel Neuroscan system with scalp electrodes placed according to the International 10-20 electrode placement standard, with reference between the electrodes CPz and Cz and ground between FPz and Fz. Acquisition rate was 500 Hz. Vertical and horizontal electrooculograms were recorded to monitor eye movements and blinks. In order to record pupillographic data simultaneously, the participants' head was stabilized with a chin and forehead rest. Consequently, the electrodes on the forehead, FP1, FPz, and FP2, displayed signal fluctuation artefacts due to the pressure on the forehead rest. These were excluded from the analyses. A trigger pulse was generated at the onset of each stimulus and at every button press. EEG data analysis was performed with the EEGLAB toolbox version 14.1.1 (Delorme and Makeig, 2004) .
We used independent component analysis (ICA) to eliminate non-brain artefacts from the data, as described previously (Ribeiro and Castelo-Branco, 2019) . For this, the EEG data were re-referenced to linked earlobes and band pass filtered using Hamming windowed sinc FIR filter with cut off frequencies of 1 and 100 Hz; bad channels were rejected; the continuous data were visually inspected and segments containing considerable artefacts were removed;
finally, for each participant, the data from all runs independent of the condition M A N U S C R I P T
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were merged. The merged datasets were then submitted to extended Infomax ICA (Bell and Sejnowski, 1995) to find components associated with non-brain artefacts. We used the default parameters of the binica program in EEGLAB.
The independent components (ICs) activity data were cut into segments locked with the cue onset from -700 ms until 6000 ms, and average baseline activity (set from -200 ms to cue onset) was removed from each trial. Next, we inspected the spatial, spectral, and temporal properties of each IC to identify those components corresponding to non-brain sources: eye blinks, lateral eye movements, muscular artefacts, single-channel artefacts, and high frequency line noise. The ICA matrix was then imported to the original continuous data runs, re-referenced to linked earlobes, and with bad channels removed. The artefact ICs were excluded from further analyses. The data, re-referenced to linked earlobes, was then band pass filtered with cut off frequencies of 0.1 and 35 Hz, and periods containing further artefacts were manually removed.
For ERP analyses, data were cut into segments locked with the cue onset from -0.2 s until 6 s after cue onset, and average baseline activity (set from -200 ms to cue onset) was removed from each trial. Bad channels were then interpolated.
For analysis of the beta oscillations, data were cut into segments from -1 s before cue-onset up to 4.5 s after cue-onset. Bad channels were then interpolated. Time-frequency analysis was performed on the epoched data using an adaptive complex Morlet-wavelet ( 
Statistical analyses
Analyses of task-related cardiac responses
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For statistical analyses, we measured, on the participants' task-related cardiac responses, the amplitude of the negative peak as a measure of the amplitude of the task-related cardiac deceleration (minimum value in the 8 s time interval starting at cue-onset) and the amplitude of the latter positive peak as a measure of the cardiac acceleration that followed the deceleration response (maximum value in the time interval between deceleration peak and 8 s after cue-onset). We compared the amplitudes of these peaks across groups, trial types and task conditions using repeated measures ANOVA. First, we run separate repeated measures ANOVA for each task condition, including trial type (cue-only and go, for the simple RT task, and cue-only, go and no-go, for the go/no-go task) as within-subject factor and group as between-subject factor. To compare across tasks, we run a second repeated measures ANOVA including as within-subject factors, task (simple RT and go/no-go) and trial type (cue-only and go trials), and group as between-subject factor. We excluded the no-go trials as these were only present in the go/no-go task. Additionally, we further explored these results by running repeated measures ANOVAs for each trial type separately (cue-only and go trials), including task (simple RT and go/nogo) as within-subject factor and group as between-subject factor.
Comparison of beta ERSPs across groups and task conditions
We compared beta ERSP time courses using the LIMO EEG toolbox (Pernet et al., 2011) , which models the data at all time points and all electrodes.
We compared trial-averaged beta ERSPs using a repeated measures ANOVA with task (simple RT and go/no-go) as within-subject factor and age group as between-subject factor, on a time point-by-time point basis. We controlled for multiple comparisons using a bootstrap spatial-temporal clustering technique (Maris and Oostenveld, 2007; Pernet et al., 2015) .
Correlation between task-related cardiac deceleration and ERP's amplitude or beta ERSP's amplitude
We used the LIMO EEG toolbox (Pernet et al., 2011) , to study the across participants correlation between the amplitude of heart rate deceleration and the ERP's amplitude and between the amplitude of heart rate deceleration and the beta ERSP's amplitude. For each analysis, we performed a time point-by-time
point linear model fit including the amplitude of the heart deceleration response, according to the model: cue-locked ERP's or beta ERSP's amplitude (t) = beta0 + beta1 *amplitude of heart rate deceleration. This way, we determined, in a data driven manner, the time windows where the neurophysiological data correlated with the amplitude of the heart deceleration response. We controlled for multiple comparisons using a bootstrap spatial-temporal clustering technique (Maris and Oostenveld, 2007; Pernet et al., 2015) .
Relationship between reaction time and ERP's amplitude
For the across participants correlation between the reaction time and the ERP's amplitude, we also used the LIMO EEG toolbox (Pernet et al., 2011) . We performed, for each task condition separately, a time point-by-time point linear model fit including the median reaction time of each participant and participants' age, according to the model: cue-locked ERP's amplitude (t) = beta0 + beta1*age + beta2*median reaction time. Thereby exploring, in a data driven manner, the time windows where the ERPs correlated with reaction time, partialling out the effect of participant's age. We also explored the correlation between the reaction time difference across task conditions (go/no-go minus simple RT) and the target-locked ERPs' difference across task conditions, according to the model: difference in target-locked ERP's amplitude (t) = beta0 + beta1*age + beta2*difference in median reaction times. We used targetlocked ERPs for this analysis because the difference across groups in modulation of ERPs with task condition was more evident in target-locked than in cue-locked ERPs. Moreover, we also tested the correlations in each age group separately without partialling out the effect of age. We controlled for multiple comparisons using a bootstrap spatial-temporal clustering technique (Maris and Oostenveld, 2007; Pernet et al., 2015) .
Results
3.1.
Task-related cardiac responses and their modulation with task demands are diminished in older adults
We compared the amplitude of the cardiac deceleration response in cueonly trials with the response in go trials, in the simple RT task, across age M A N U S C R I P T
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15 groups ( Fig. 3A) and cue-only, go and no-go trials, in the go/no-go task, across age groups (Fig. 3B ), using repeated measures ANOVA. Average peak amplitudes and their standard deviations are presented in Next, we compared the amplitude of cardiac acceleration observed after the deceleration response across groups and task conditions. In both simple RT and go/no-go task conditions, there were very significant effects of group Simple RT -young -3.5 ± 2.3 -2.0 ± 1.4 -1.1 ± 1.4 1.4 ± 1.3 -Simple RT-older -2.8 ± 1.6 -1.4 ± 1.0 -0.01 ± 0.8 0.8 ± 0.7 -Go/no-go -young -4.2 ± 2.5 -2.4 ± 1.6 -3.2 ± 2.1 1.1 ± 1.7 1.3 ± 1.3 1.3 ± 1.6
Go/no-go -older -2.6 ± 1.7 -1.5 ± 1.2 -2.6 ± 1.9 0.02 ± 1.0 1.0 ± 0.8 0.08 ± 0.8
SD = standard deviation
Finally, baseline heart rate measured immediately before cue onset showed no significant effect of task [mean ± SD: young simple RT = 70.9 ± 9.8 bpm; young go/no-go = 71.1 ± 10.6 bpm; older simple RT = 64.7 ± 7.6 bpm;
older go/no-go = 66.6 ± 7.7 bpm; F (1, 68) = 2.06, p = 0.156], suggesting that, although task difficulty modulated the cardiac responses, it did not modulate baseline levels. Baseline heart rate was however significantly reduced in the older group [F (1, 68) = 7.632, p = 0.007], in line with the steady decrease in heart rate that is commonly observed with ageing under resting conditions (Zhang, 2007) . No task x group interaction was found [F (1, 68) = 0.814, p = 0.370].
3.2.
Motor responses are associated with cardiac acceleration in both age groups
The shape of the cardiac responses across trial types presented in Figure 3 suggested that the heart rate deceleration response observed in go trials was truncated in comparison with cue-only and no-go trials. Moreover, heart rate acceleration at the end of the trials was delayed in cue-only trials in comparison with go trials, suggesting that the heart acceleration response was at least in part related to target processing and/or the execution of the motor response. In no-go trials, requiring no motor response, heart deceleration was similar to cue-only trials where no target was presented, and the heart acceleration observed at the end of the trial was delayed and with lower M A N U S C R I P T
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18 amplitude in comparison with go trials (Fig. 3B) , suggesting that the timing of the heart acceleration response is partly associated with the button press. In fact, Jennings and Wood (1977) showed that the timing of the motor response in relation to the cardiac cycle modulates the heart rate acceleration response, further supporting the idea that there is a link between heart rate acceleration and the button press (Jennings and Wood, 1977) . These observations suggest that the heart acceleration observed after the motor response has two components: one that is observed in trials where no motor response was executed (cue-only and no-go trials) and an additional component associated with the execution of the motor response. Given that the amplitude of the heart acceleration of the two groups differed in the cue-only trials, our findings suggest that this component was significantly diminished in older participants.
Yet, it is not clear if the effect of the motor response on the heart was affected by ageing. In order to study this relationship, we analysed the association between heart rate modulation and the timing of the motor responses within the cardiac cycle. We observed that heart rate acceleration started two heartbeats after button press (Fig. 4A) . Moreover, motor responses that happened early in the cardiac cycle were associated with a faster cardiac acceleration than the motor responses that occurred later in the cardiac cycle (Fig. 4A) . The changes in heart rate observed at the two heartbeats immediately after the motor response (HR1 and HR2) were related with the timing of the button press in within-subject analyses. Figure 4B shows the individual correlation coefficients for each participant, representing the association between the trial-by-trial timing of the button press within the cardiac cycle and heart rate in the heartbeats thereafter. At the group level, these correlation coefficients were negative on average indicating that motor responses within the earlier part of the cardiac cycle lead to faster cardiac acceleration (Table 3) , thus confirming that the button press associated with the perceptual decision affects the heart.
Repeated measures ANOVA analysis revealed that the correlation coefficients did not show task, group or task x group interaction effects (Table 3) , therefore
suggesting that, at least in these type of tasks, ageing does not change the way motor responses influence heart rate. Figure 4 . Timing of button press determines the onset of heart rate acceleration. (A)
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Graphs represent the heart rate at the heartbeat just before button press (HR0) and the two heartbeats after (HR1 and HR2) normalized in relation to HR0. The heart rate data were divided into tertiles according to the position of the button press in relation to the cardiac cycle. Darker colours represent data associated with button presses that occurred earlier in the cardiac cycle.
Data represents mean ± standard error of the mean across participants. (B) Distribution of
Pearson's correlation coefficients (r) between trial-by-trial heart rate and time of button press within the cardiac cycle from each participant. Grey and red circles represent individual values from the young and older groups, respectively. Horizontal black lines and grey boxes represent mean ± standard error of the mean across participants. Additionally, we investigated if the amplitude of the heart rate acceleration associated with the motor response presented an effect of ageing.
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For this, we subtracted the cardiac responses observed in the go trials by the responses observed in the no-go trials. This way, we isolated the response associated with the execution of the motor response from the modulation in heart rate associated with motor preparation and target processing that occurred in both go and no-go trials. The difference curves presented a positive peak with maximum around 4 s after cue onset ( Supplementary Fig. 1 ). The amplitude of the positive peak (calculated as the maximum value between 2 and 8 s after cue onset) did not present a significant group effect [mean ± SD, young = 2.38 ± 1.75; older = 2.06 ± 1.41; t (68) =0.850, p=0.398] , suggesting that the amplitude of the heart acceleration associated with the motor response was similar across groups.
3.3.
Cardiac deceleration is related to the amplitude of preparatory cortical event-related potentials
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Next, we investigated if cardiac deceleration was related to the amplitude of cue-locked ERPs. We found that, in the young group, the amplitude of the ERPs in a time window around the time of target onset correlated with the amplitude of the heart deceleration response, measured in cue-only trials ( Fig.   5A and C) or in go trials ( Fig. 5B and D) . The correlation was strongest in centro-parietal electrodes. However, the correlation between the amplitude of the CNV potential and heart deceleration was not observed in the older group. 
3.4.
Beta oscillations do not predict cardiac deceleration
Beta oscillations are modulated during motor preparation and motor execution. Here, we studied how task demands and ageing affected both baseline beta power and beta ERSP. Baseline beta power was elevated in the older group (Supplementary Fig. 3A ; mean ± SD: young simple RT = 48.0 ± 2.2; older simple RT = 50.1 ± 3.2; young go/no-go = 48.2 ± 2.2; older go/no-go = 50.1 ± 3.1). Repeated measures ANOVA with task as within-subject factor and group as between-subject factor, revealed that baseline beta power measured in the CPz electrode ( Supplementary Fig. 3B ) presented a significant effect of group [F (1, 72) 
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analyses did not reveal any significant relationship between baseline beta power and cardiac deceleration for any of the electrodes, in any of the age groups (data not shown).
We then investigated how beta ERSPs depended on task and age group.
In cue-locked epochs, we observed two negative peaks in beta ERSP's time courses (Fig. 6A) . Cue-onset induced suppression in beta power, followed by recovery and a second period of beta suppression peaking around the time of the button press (Fig. 6A) . Time point-by-time point repeated measures ANOVA with task as within-subject factor and group as between-subject factor, revealed significant effects of group in time windows overlapping with the two periods of beta suppression (Fig. 6B) . There was also a significant task effect around the time of the button press, with the go/no-go task eliciting stronger beta suppression than the simple RT task. There was no task x group interaction effect. Group average beta ERSP scalp topography showed that both the first beta suppression peak associated with cue processing and the second beta suppression peak associated with the motor response, were lateralized to the left hemisphere (Fig. 6C) , as expected as participants were instructed to respond with their right hand. This lateralization appeared however to be diminished in the older group in the go/no-go task in the second suppression event around the time of the button press. M A N U S C R I P T Next, we investigated if beta ERSPs were related to the amplitude of the cardiac deceleration response. We observed no correlations between cuelocked beta ERSP and the amplitude of the cardiac deceleration response measured either in cue-only trials or in go trials, in either group of participants (data not shown).
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Preparatory cardiac deceleration is associated with the speed of decision-making
The analysis of the cardiac deceleration in cue-only trials revealed a task x group interaction, reflecting the fact that the young group showed larger cardiac deceleration in the go/no-go task than in the simple RT task, while the older group showed a reduced task effect. As described in the introduction, older adults presented a larger reaction time difference across tasks. We investigated if these observations were related by studying the relationship between the difference in the amplitude of the heart deceleration responses across tasks and the difference in reaction time across tasks (go/no-go minus simple RT) using correlational analyses. We found that these variables were In contrast to the previous findings, heart rate deceleration measured in go trials did not correlate with reaction time for any of the task conditions or age groups (data not shown). Moreover, no correlation was found between the across tasks difference in the amplitude of the heart rate deceleration measured suggest that the amplitude of cardiac deceleration measured in cue-only trials reflects more faithfully the strength of the preparatory processes than the amplitude measured in go trials where target processing overlaps with the preparatory cardiac response.
Finally, we investigated if reaction time was related to pupil dilation, ERP's amplitude, beta ERSP amplitude, or beta baseline power, across participants. None of these neurophysiological measures correlated with reaction time (data not shown).
Discussion
Here, we identified an association between neural modulation of the heart and perceptual decision-making. Specifically, we observed that increasing the complexity of the task by increasing the number of possible responses, resulted in an increase in the amplitude of the preparatory cardiac deceleration.
Modulation of preparatory cardiac deceleration with task demands predicted the ability to maintain response speed as task complexity increased, suggesting that this cardiac response is associated with facilitation of perceptual decisionmaking. Importantly, the cardiac response correlated with the amplitude of the CNV potential suggesting a cortical origin for this physiological response, but did not correlate with baseline beta oscillations or task-related beta suppression.
Anticipatory neural modulation of the heart was impaired in older adults.
Older participants failed to modulate the amplitude of the cardiac deceleration according to task demands, and showed an accentuated slowdown of reaction times with increasing decision complexity, suggesting that the inability to increase cardiac deceleration with the demands of the task was associated with inefficient task performance. Moreover, in older adults cardiac deceleration did not correlate with either reaction time or the CNV amplitude suggesting that brain-heart interactions become weaker with ageing.
This study showed that neural modulation of the heart observed during anticipatory attention is impaired in older adults. Importantly, we provide evidence that suggests that this deficit is related to difficulties in perceptual decision-making in particular in tasks requiring stimulus discrimination and
response selection. Specifically, we observed that increasing the complexity of the task by increasing the number of possible responses, increased the amplitude of the preparatory cardiac deceleration, in young but not in older participants. Moreover, individuals that showed higher modulation of cardiac deceleration with task demands were the ones that were able to maintain response speed as task complexity increased. Older adults showed an accentuated slowdown of reaction times with increasing decision complexity, suggesting that the inability to increase cardiac deceleration with the demands of the task might have affected the ability to perform the task efficiently. Finally, preparatory heart rate deceleration correlated with the amplitude of the CNV potential suggesting a cortical origin for this physiological response, but did not correlate with baseline beta oscillations or task-related beta suppression suggesting that this cortical-heart connection involves regions outside motor control areas.
4.1.
Anticipatory cardiac deceleration and facilitation of perceptual decision-making
Several findings suggested an association between cardiac deceleration and the efficiency of sensorimotor processing: 1) across participants, individuals that responded faster presented stronger cardiac deceleration responses; 2) increasing the task difficulty by increasing the number of response possibilities lead to an increase in the amplitude of the cardiac deceleration response; and 3) participants that increased more their cardiac deceleration responses in the more difficult task condition showed the smallest increases in reaction time with increasing decision complexity. Notably, pupil dilation, ERPs' amplitude, absolute beta power and the amplitude of anticipatory and movement-related beta suppression did not correlate with reaction time across participants. These observations are consistent with the study from Jennings et al. (1998) . In their study, the pupillary response and the CNV amplitude were not correlated with reaction time. In contrast, the cardiac deceleration response was (Jennings et al., 1998) . Together, these observations strongly suggest that modulation of the parasympathetic system specifically reflect the individual's sensorimotor abilities.
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Intriguingly, correlations between the amplitude of the heart rate deceleration and reaction time were observed in cue-only trials but not in go trials. This observation led us to hypothesize that the amplitude of cue-only cardiac deceleration reflects more faithfully the strength of activation of a neural mechanism that simultaneously modulates heart rate and facilitates decision processes. Heart deceleration in go trials is interrupted by the presentation of the target stimuli and motor responses. This is evident in the shape of the cardiac responses where heart rate deceleration appears truncated in go trials in comparison with cue-only and no-go trials. Therefore, the deceleration amplitude in go trials might not correctly reflect the strength of the activation of the neural mechanism that induced it. Significant correlations between preparatory heart rate deceleration and reaction times have been observed before in studies using tasks with cue-target intervals considerably longer than ours (Jennings et al., 1998; Reyes et al., 2015) . Under these conditions, the amplitude of the heart rate deceleration appears to reflect neural mechanisms that facilitate sensorimotor processing.
4.2.
Neural control of anticipatory cardiac deceleration
The observed associations between cardiac deceleration and reaction time in sensorimotor tasks and between the cardiac response and the preparatory frontocentral potential (CNV), suggest the existence of a neural process associated with cardiac deceleration that facilitates perceptual decision-making. Heart rate is controlled by extrinsic influences mediated by the vagus and sympathetic nerves and involves areas distributed throughout the central nervous system (Palma and Benarroch, 2014) . Activation of the vagus nerve provides the parasympathetic (cardiovagal) innervation of the heart and decreases heart rate, while activation of sympathetic nerves increases heart rate. Preparatory heart rate deceleration has been shown pharmacologically to be mediated by modulation of vagal activity (Obrist, 1981) . Activity in the autonomic cardiac nerves is modulated by several forebrain areas that project to medullary and spinal nuclei controlling cardiac function. These include the insular cortex, anterior cingulate cortex, central nucleus of the amygdala, and several hypothalamic nuclei. Both the anterior cingulate and insular cortices belong to the salience network, a brain network that is activated by M A N U S C R I P T
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behaviourally relevant stimuli and integrates sensory information coming from outside the body with viscerosensory information (Uddin, 2015) . Moreover, these cortical areas also activate during attentive anticipation (Fernandez-Ruiz et al., 2018; Nagai et al., 2004) and have been implicated in perceptual decision making (Krawczyk, 2002 ). Yet, while activation of the anterior cingulate cortex appears to increase heart rate (Critchley et al., 2003) , activation of the insular cortex can both increase or decrease heart rate depending on which region of the insular cortex is targeted (Oppenheimer and Cechetto, 2016) , and thus is a good candidate for a brain region controlling anticipatory cardiac deceleration.
Activity in the anterior insula has been shown to correlate with response speed (Binder et al., 2004) and perceptual decision time (Rebola et al., 2012) .
Moreover, activation of the insular cortex is often observed in anticipation of sensory stimulation (Brass, 2002; Coull et al., 2001; Kusumoto-Yoshida et al., 2015; Lovero et al., 2009 ) and has been observed in tasks associated with heart rate deceleration (Hermans et al., 2013; Jennings et al., 2009 ).
Importantly, Di Russo et al (2016) found that the anterior insula activates more in go/no-go tasks in comparison with simple RT tasks (Di Russo et al., 2016) , paralleling our observation of task-related modulation of the amplitude of the cardiac deceleration. The insula contains visceral representations, and connections with the autonomic systems, and does therefore provide an important link between high level cognitive function, such as perceptual decision-making, and visceral responses such as cardiovascular (Oppenheimer and Cechetto, 2016) . Other brain regions that might be associated with anticipatory cardiac deceleration are the right inferior frontal cortex and the subthalamic nucleus. These two areas form a network that has been implicated in response inhibition and inhibitory control (Aron, 2011) . Notably, anticipatory cardiac deceleration has been found to correlate with activity in the subthalamic nucleus supporting the idea that cardiac deceleration is related to inhibition of motor output (Jennings et al., 2009 ).
Neither absolute baseline beta power nor the amplitude of anticipatory or movement-related beta suppression correlated with anticipatory cardiac deceleration suggesting that these physiological responses are unrelated.
Notably, also Pfurtscheller et al (2013) using a motor imagery task failed to M A N U S C R I P T
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4.3.
Heart acceleration and motor execution
The preparatory heart rate deceleration (bradycardia) was followed by a period of heart rate acceleration (tachycardia) that overshot baseline values before returning to baseline around 8 s after the cue. This heart acceleration response resembled the postvagal tachycardia observed after heart deceleration mediated by vagal stimulation (Burke and Calaresu, 1972) .
Postvagal tachycardia (heart acceleration following heart deceleration) is a phenomenon that has been shown to be independent of the central nervous system and of noradrenergic input to the heart. The amplitude of postvagal tachycardia correlates with the amplitude of the bradycardia that precedes it (Burke and Calaresu, 1972) . The fact that, in our data, heart rate acceleration is significantly higher in go trials than in cue-only trials, while the amplitude of the heart deceleration is higher in cue-only trials in comparison with go trials, indicates that in go trials heart acceleration at the end of the trial must be driven, at least in part, by the central nervous system. Neural activation related with target processing, decision-making, and motor responses might have a direct cardiac effect resulting in a heart acceleration response possibly by determining the end of vagal activation as well as further reducing vagal activity or increasing the sympathetic tone (Obrist, 1981) . We were able to confirm that the start of the heart acceleration response was determined by the act of button press, as shown in the analyses of the heart rate modulation locked to the motor responses. Notably, the amplitude of this acceleratory response was not modulated by task difficulty in either group of participants suggesting it is not related to mental effort. One brain region that might be involved in heart acceleration following motor responses is the anterior cingulate cortex. Critchley et al. observed that activity in the dorsal part of the anterior cingulate cortex is closely linked to sympathetic modulation of the heart (Critchley et al., 2003) and this region is thought to underlie the translation of intentions into actions and its activation is closely linked to motor responses (Paus, 2001) .
Age-related changes in neural modulation of the heart and their association with sensorimotor deficits
Both anticipatory cardiac deceleration and its modulation with task demands were weaker in the older group. Accordingly, older adults slowed down their responses more than young adults in the go/no-go task in comparison with the simple RT task suggesting an inability to modulate neural processing according to task demands, which might be associated with the impaired cardiac deceleration response observed.
Although in young adults we observed a positive correlation between frontocentral preparatory ERPs and cardiac deceleration, ageing appears to have opposite effects on these two measurements: the CNV's absolute amplitude increases with ageing (Ribeiro and Castelo-Branco, 2019 ) while the cardiac deceleration response decreases. Moreover, in older adults, the correlation between cortical activation as estimated through ERPs' amplitude and cardiac deceleration was not significant. The CNV does not represent a unitary process, but rather the sum of activity from several different brain regions (Fernandez-Ruiz et al., 2018; Nagai et al., 2004) . In a cued antisaccade task, Fernandez-Ruiz et al. (2018) observed preparatory activity in dorsolateral prefrontal cortex, insula, anterior cingulate cortex, ventral striatum, precuneus, and frontal, supplementary and parietal eye fields. Yet, in their study, older adults, in addition to these areas, presented hyperactivation of the frontal pole.
In turn, activity in the anterior cingulate cortex was significantly diminished in the older group (Fernandez-Ruiz et al., 2018) . These observations highlight the fact that preparatory activity occurs in a distributed set of brain areas that show different age-related changes either increasing or decreasing their task-related activity. In addition, as mentioned earlier, although the CNV amplitude presents an age-related increase in amplitude, cardiac deceleration presents an agerelated decrease suggesting that some component of the CNV decreased its activation with ageing or that the connectivity between the cortex and the heart is weaker in older individuals. As the insular cortex appears as a likely candidate cortical region involved in both decision-making and modulation of heart rate, it is interesting to note that age-related impairments in insular connectivity have been suggested (Muller et al., 2016) , which might be related to the heart rate deceleration and perceptual decision impairments observed.
M A N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPT
33
Older individuals presented beta oscillations with higher amplitude at baseline than young adults and stronger beta suppression during motor preparation and execution. Beta oscillations measured over the motor cortices are related to postural stability and beta suppression events are associated with new movements or changes in posture (Androulidakis et al., 2007; Gilbertson, 2005) . Stronger beta oscillations at baseline in older adults might reflect posture rigidity, reduced spontaneous movements and less frequent posture adjustments. As cardiac deceleration is related with cessation of ongoing behaviours (Obrist, 1981) , if ongoing behaviours were to be reduced in older adults then that might explain reduced cardiac deceleration responses as there would be no need to stop movements if they were not taking place. Future studies measuring spontaneous movements in young and older adults, for example by including measurements of electromyography (Obrist, 1981) or stabilometric balance boards to measure body sway (Gladwin et al., 2016) , will be important to determine if ongoing behaviours are indeed reduced in older people and if this hypothesized reduction is associated with enhanced absolute beta power and reduced cardiac responses. However, the lack of correlation between beta oscillations and cardiac deceleration and the fact that older adults, in comparison with young adults, present stronger cue-locked beta suppression but weaker cardiac responses further suggests a dissociation between these two processes.
As observed for the cardiac deceleration response also cardiac acceleration was reduced in older adults, suggesting that ageing affects the heart recovery dynamics after vagal stimulation. However, the heart acceleration response associated with the motor response was similar across groups, suggesting that although the heart acceleration observed at the end of the trials was significantly diminished in older adults, the component of this response associated with button press did not present an age-related effect.
Intriguingly, in older individuals, slower reaction times are correlated with higher mortality risk and are associated with most of the major causes of death including cardiovascular disease (Deary and Der, 2005; Der and Deary, 2018) .
The mechanism that links reaction time to the risk of death is not clear. Our findings suggest that age-related increases in reaction time are related to weaker modulation of the heart rate during task performance. Reduced heart M A N U S C R I P T
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Therefore, by linking age-related slowdown of sensorimotor processing to changes in the neural regulation of the heart, our findings propose a mechanism that had not been foreseen and might explain the increased incidence of cardiovascular disease in people that respond slower in sensorimotor tasks.
Conclusion
In conclusion, our findings provide an important contribution for our understanding of the physiological mechanisms underlying attentive anticipation and how these breakdown in older individuals. Cardiac deceleration emerges as an important physiological feature of sensorimotor processing, reflecting preparatory neural processes that modulate perceptual decision-making and response selection.
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